Simulation of human movements is an essential component for proactive ergonomic analysis and biomechanical model development (Chaffin, 2001) . Most studies on reach kinematics have described human movements in a static environment, however the models derived from these studies cannot be applied to the analysis of human reach movements in vibratory environments such as in-vehicle operations. This study analyzes threedimensional joint kinematics of the upper extremity in reach movements performed in static and specific vibratory conditions and investigates vibration transmission to shoulder, elbow, and hand along the body path during pointing tasks. Thirteen seated subjects performed reach movements to five target directions distributed in their right hemisphere. The results show similarities in the characteristics of movement patterns and reach trajectories of upper body segments for static and dynamic environments. In addition, vibration transmission through upper body segments is affected by vibration frequency, direction, and location of the target to be reached. Similarities in the pattern of movement trajectories revealed by filtering vibration-induced oscillations indicate that coordination strategy may not be drastically different in static and vibratory environments. This finding may facilitate the development of active biodynamic models to predict human performance and behavior under whole body vibration exposure.
Reaching movements is the primary activity that most of operators perform in any workplace. To evaluate and predict human movements and postures in a workspace, reaching movements have been studied from various perspectives with the goals of improving operator's comfort, safety, and manual performance.
Kinematic features of reach movements in static environments have been extensively analyzed (Haggard et al., 1995; Jung et al., 1995; Wang, 1999; Barreca & Guenther, 2001; Lim et al., 2004) . These studies reported that the trajectory in space is independent of movement speed and that the tangential velocity profiles of the arm and hand are bell shaped. Soechting et al. (1995) and Admirral et al. (2004) suggested that arm posture at a given hand location was dependent on the starting location of the movement. Park et al. (2005) suggested a quantitative index termed joint contribution vector to represent a motion in terms of individual joint contribution to the achievement of the task goal. All these studies suggested that both kinematics and dynamics affect postures and their relative contribution depends on instruction and complexity of the task. However, they were limited to reach kinematics in static environments.
Reach models have been developed to predict the trajectory of reaching and pointing movements (Hoff & Arbib, 1993; Chaffin et al., 1999) . Some models employed an optimization method based on an inverse kinematic structure to minimize the weighted sum of body segments velocities (Flash & Hogan, 1985; Schöner et al., 1986; Wang, 1999; while others used functional regression fitting polynomial equations to joint angular kinematics (Faraway and Hu, 2001; Faraway, 2003; Kang et al., 2005) . The optimizationbased model proposed by Jung et al. (1996) indicated that reach posture prediction was more accurate when using a psychophysical cost function of joint discomfort than using a biomechanical cost function of joint torque. Rosenbaum et al. (1995) and Jax et al. (2003) suggested that postures stored in the motor memory were used to select reaching movements and that costs of possible postures and postural transitions were taken into account in the selection process. Park et al. (2002) proposed a computational model founded on the concept of memory-based movement for simulation of human reach motions and extended the model to simulate reaching with obstacle avoidance in a two-dimensional task space (2006, 2008) . However, all these models based on reach kinematics in static conditions may not be suitable to simulate reach movements in vibratory environments. For realistic motion simulation, the interaction between human and environment must be identified. Specifically in vehicles, aircrafts, trains, or ships, the movements of an operator are likely to be affected through whole-body vibration (WBV) transmission, which can degrade the performance of the entire system. WBV response of the seated human has been investigated as a function of vibration frequency, magnitude, and direction axis (Fairley & Griffin, 1989a , 1989b McLeod & Griffin, 1989; Griffin, 1990; Kitazaki & Griffin, 1998; Mansfield & Griffin, 1998; Mansfield, 2005; . These studies reported that manual tasks were highly sensitive to WBV in the 3-8 Hz frequency range for vertical vibration. Similarly, tasks performed under horizontal vibration were most disrupted at frequencies below 3 Hz, and the degradation effect decreased as the vibration frequency increased up to 12 Hz. For both vertical and horizontal vibration, transmission to the shoulders and head was maximal in the frequency range corresponding to the highest discomfort sensitivity. These studies indicated that whole-body vibration responses increased with vibration magnitude. Although these investigations described some vibration characteristics of the human body, they were limited to the vibration response through the torso or spinal system of the upper body in static postures or to the description of the hand behavior without consideration of voluntary movements.
Reach performance during vibration exposure has been investigated in terms of speed-accuracy tradeoff and fingertip excursion (Rider et al., 2003 and ). These studies evaluated a level of task difficulty with the concept of effective target size and the confidence ellipses of finger excursions. The results indicated that the highest level of task difficulty corresponded to the principal resonant frequency of the trunk between 4 and 6Hz under vertical vibration. These studies provided an ergonomic evaluation of vibration-induced reach performance; however, the contribution of each body segment perturbation to fingertip deviation was neither identified nor included in a model for systematic assessment of WBV effects.
For further in-depth understanding of biodynamic responses associated with upper limb reaching movement under vibration exposure, the current study investigates the effects of WBV on reach kinematics and movements patterns of the hand-arm system and analyzes biodynamic responses through the upper body transmission path under simplified WBV conditions.
Methods

Biodynamic Reaching Experiment
Thirteen right-handed young adults participated in the experiment approved by both the University of Michigan and the U.S Army TACOM institutional review boards. All participants were free from any known musculoskeletal disorders, neuromuscular disorders, chronic back pain, or acute back pain, as screened by informed consent form. Anthropometric data for the group of participants are presented in Table 1 .
The participants performed reaches to eight targets representing the right reach space for in-vehicle operation ( Figure 1 . Each target was reached twice in a random order at a self-determined speed. When reaching the target, the participants were required to point at the center of the target for three seconds without contact, for estimating vibration transmission through the arm in the final posture. To eliminate vision-induced movement adjustments, the participants were instructed to redirect their gaze to the sagittal plane immediately after reaching a target. In addition, to produce movements from a standard initial posture, the participants were requested to hold the steering wheel with both hands in specific locations and to look at the center of a front monitor. During every reach, the left hand held the steering wheel, the feet rested on the cab floor, and the seat belt was fastened tightly to prevent the hip slipping on the seat.
Reach trials were performed under seven simplified vibration conditions generated by the Ride Motion Simulator (RMS) at the U.S Army TACOM. The reference condition was a static condition with no vibration. Six vibration conditions were generated by the combination of three discrete sinusoidal vibration frequencies (2, 4, or 6Hz) and two vibration directions (vertical [z-axis] or fore-and-aft [y-axis]). These sinusoidal vibration conditions were selected to correspond to the range of high sensitivity to human movements (Rider et al., 2003) and the frequency range of major vehicle vibrations (Lee and Pradko, 1968; Griffin, 1990) . The "peak" acceleration magnitudes along the vertical and fore-and-aft axes were 0.5 g and 0.4 g respectively. This magnitude was kept constant for all frequencies to limit interactions between vibration frequency and magnitude (McLeod and Griffin, 1989) and avoid discomfort reported by the subjects in pilot tests for 0.5 g fore-and-aft vibration. Mean 32 ± 6.5 177.6 ± 5.4 46.9 ± 1.6 34.5 ± 1.0 28.6 ± 1.8 17.2 ± 1.8
Upper body movements were recorded by a six cameras VICON optical tracking system. Retro-reflective markers were placed on twenty-six body landmarks ( Figure 2 [a]) and reach movements were sampled at 100Hz. A reach trial consisted of four movement phases: (1) the initial phase corresponding to the standardized resting posture, (2) the aiming transition phase including the dynamic change in joint kinematics of the upper limb, (3) the pointing phase in the quasi-static posture maintained for three seconds without contact with the target, and (4) the returning phase. Reach kinematics of upper body joints were analyzed for the aiming transition phase, while vibration transmission through upper limb was estimated for the pointing phase.
Kinematic Analysis
This study analyzes right hand-arm movements during the aiming phase. The temporal boundaries of this phase were defined by the time at which head rotation in the direction of the target is initiated and the time at which the right hand arrives at the steady-state position near the target location. The movement time was normalized by its duration. The analysis focuses on the kinematics of upper body joints including the right shoulder, elbow, and wrist joints ( Figure 2 [b]). Joint angular kinematics of joint angle, angular velocity, and acceleration were computed using a vector analysis in which each body segment is a vector. It was assumed that the upper limb is a rigid body and linear linkage system (Eq.1). Angular kinematics in the time domain may characterize the movement pattern for each target direction.
Vibration Analysis
Vibration transmission to the shoulder, the elbow, and the right index finger was quantified for five target directions including target 1(upward), 2(forward-upward), 5(diagonal-upward), 7(lateral-near), and 8(lateral-far).
To estimate vibration transmission along the upper body path, the sinusoidal input (x i ) and the relative displacement of a body segment (x o ) in the time domain were transformed into the frequency domain by the FastFourier transform (FFT) (Eq. 2). x = x(t) is a signal in the time domain and X = X(ω) is the signal transformed into the frequency domain. The sequence X(k) of N complex numbers can be computed for each value of k (0 ≤ k ≤ N-1) using the FFT. No windowing was applied to the FFT. The frequency bandwidth of interest was in the range of 0.2-12 Hz (Figure 3) .
3) was estimated by the ratio of the peak magnitude in the response displacement output X O (ω f ) to the peak magnitude in the excitation displacement input X i (ω f ) specifically at the forcing frequency (ω f ) (Eq. 3). This term of vibration transmission is an analytical index borrowed from linear system theory for empirical evaluation on a highly nonlinear human body system.
Statistical Analysis
Two-way ANOVAs including vibration frequency and target location as main effects and their interaction were performed for each vibration direction respectively, to determine the influence of these factors on vibration transmission.
Results
Three-dimensional trajectories of the upper body joints (left shoulder, right shoulder, right elbow, right index fingertip, and head) are illustrated in Figure 4 for four directional reaches in the static condition. Joint trajectories and kinematics present similar patterns between reach directions, although the maximum values of angular kinematics numerically differ depending on target location. In addition, vibration-induced joint trajectories and kinematics show qualitative similarity for all reach directions and vibration conditions. An example of joint trajectories and linear kinematics is illustrated in Figure 5 for a diagonal reach to target 5 under the 4 Hz vertical WBV condition. In the context of our experiment, rotation of the head always occurs before the movement of the hand, and then the head orientation is maintained during the hand movement until the target is reached. As same as in the static condition, the peak velocities of the respective joints do not occur simultaneously. The 4Hz vertical vibration predominantly affects the z-components of joint kinematics.
Examples of joint angular kinematics for the diagonal reach in static and 2 Hz vibration conditions are illustrated in Figure 6 . The joint angular kinematic analysis shows quantitative dependency on reach direction. However, joint angular movement patterns present qualitative similarities in all directional reaches. The angular velocity profile of the elbow joint is biphasic, while the angular velocity of the shoulder joint presents a monophasic profile. In addition, the peak velocity and acceleration of the elbow joint are higher than ones of the shoulder, for all directional reaches. Angular kinematics of the arm joints for diagonal reach under the 2 Hz vertical WBV are shown in Figure 6 (b). Since intersubject variation in angular kinematics is quite large for the wrist joint, this study focuses on angular kinematics of the shoulder and the elbow joints, which show consistent patterns for all directional reaches. WBV increases the difficulty in controlling upper body movement as indicated by the superimposed oscillation. The joint angular kinematics of the right shoulder and elbow joints are altered by vibration-induced periodic oscillations, which contribute to an increase in the peak values of joint angular kinematics (Table 2 ). To examine how movement patterns of joint angular kinematics are affected by vibration, all joint angular kinematics were filtered using a zero-phase shift second-order Butterworth low pass filter with a 7 Hz cut-off frequency (e.g., . Filtered angular kinematics show qualitative similarities in movement patterns and maximum values of angular kinematics for static and vibratory conditions. The filtered kinematics of the elbow joint shows the biphasic angular velocity profile and the peak velocity and acceleration are higher for the elbow than for the shoulder joint under both static and vibration conditions (Table 2) .
To identify biodynamic characteristics influencing perturbation through the whole body, vibration transmissions through the right arm under vertical and horizontal WBV exposures are illustrated in Figure 7 .
For the vertical vibration condition, the ANOVA indicates that vibration transmission through upper body segments varies with vibration frequency and target direction (Table 3 ). The influence of frequency on transmission through each body segment is significant for the shoulder (p ≈ 0 « 0.01), the elbow (p ≈ 0 « 0.01), and the finger (p ≈ 0 « 0.01). Vibration transmission along the upper body path is significantly amplified (p ≈ 0 « 0.01) from the shoulder to the finger along the right arm for all reaches to the five targets-target 1 (upward), 2 (forward-upward), 5 (diagonal-upward), 7 (lateral-near), and 8 (lateral-far)-for the 2 Hz vibration, whereas it is significantly attenuated (p ≈ 0 « 0.01) for all reaches for the 6 Hz vibration. For the 4 Hz vibration, transmission is lower (p < 0.01) through the elbow than through the shoulder and the finger for lateral reaches to target 7 (lateral-near) and 8 (lateral-far). However, transmission monotonously decreases along the arm path for other reaches to target 1 (upward), 2 (forward-upward), and 5 (diagonal-upward). In addition, for these targets, the decrease in transmission from the shoulder to the finger is larger at 6 Hz than 4 Hz.
For the horizontal vibration condition, the ANOVA indicates that transmissions through all body segments are significantly influenced by vibration frequency (p < .01), as shown in Table 4 . Vibration transmission through upper body segments also varies with frequency. Transmission is significantly amplified (p ≈ 0 « 0.01) along the right arm for all reaches for the 2 Hz vibration. For the 4 and 6 Hz vibration, transmission is significantly attenuated (p ≈ 0 « 0.01) along the arm, as observed for the vertical vibration conditions, except for reaches to target 2 (forward & upward) under 4 Hz and to target 1 (upward) under 6 Hz vibration.
In addition, transmission is also affected by target location. However, the individual effect of target location on transmission through body segments cannot be easily interpreted due to a complex interaction between perturbation characteristics and motion direction. Statistical analysis results from two-way ANOVA for vibration frequency and target location are summarized in Table  2 and 3. For the vertical vibration, target location significantly influence transmission for the elbow and the finger (p ≈ 0 and ≈ 0 « 0.01, respectively), but it does not significantly affect transmission through the shoulder (p = 0.3713 » 0.05). However, in this environmental condition, interaction between target location and vibration frequency influences transmission through all body segments significantly (p = .0025, ≈ 0, and ≈ 0 for the shoulder, elbow, and finger respectively). For the horizontal vibration, transmission of the elbow and the fingertip is significantly affected by target location (p = .0001 and ≈ 0, respectively) and by strong interaction between target location and vibration frequency (p = 0 and ≈ 0, respectively). However, transmission of the shoulder is not significantly affected by target location (p = .8865 » 0.01) or by interaction between vibration frequency and target location (p = .4004 » 0.01). Transmission of the shoulder is affected only by vibration frequency (p ≈ 0).
Discussion
The intent of this study was to characterize movement pattern and joint kinematics of reach movements in static and dynamic environments. The analysis suggests that, in the tested WBV conditions, movement trajectories underlying the displacement of upper limb segments may be approximated by their property in a static environment to which the biomechanical vibratory response is superimposed. Reach kinematics in the static environment suggests that angular kinematics of the right shoulder and elbow joint are consistent for all target directions although coordination characteristics such as initiation time of joint movements vary as a function of target direction. When compared with other joints, the higher angular velocity and acceleration of the elbow indicate that this joint movement may contribute more significantly to the dynamic characteristics of upper body movements in reaching tasks. In addition, the "U-shaped" profile of the elbow joint angle indicates a flexion followed by an extension. In this biphasic angular movement, elbow flexion contributes to the decrease of the moment of inertia of the right arm, which reduces the arm resistance to rotation, thus allowing a shorter arm movement transition and increasing controllability due to lower muscle force requirements. Indeed the neuromotor noise of a system is associated with force requirements (Schmidt et al., 1979) . In addition, movement initiation differs between the joints, as also indicated in recent results Kim & Martin, 2008a , 2008b and arm movements are not initiated before visual identification of the target location. After visual identification, arm transition to the region near the target is achieved and fine adjustment of the fingertip position at destination occurs with deceleration of arm movements. This explains the bell-shaped profiles of joint velocities during the aiming phase, thus corresponding to the differentiation of movement in the respective feed-forward and feedback control phases (Atkeson & Hollerbach, 1985; Wang, 1999) . Vibration induces significant alterations of joint trajectory and instantaneous linear velocity predominantly along the vibration direction. However, vibration in one direction generates body segments perturbation in other directions as well. This cross transmission may be caused primarily by the eccentricity of mass centers of body segments from the axis of the vibratory stimulation. This cross-effect may also result from the necessity to maintaining upper body balance while performing a seated reach task and the nonlinearity in biomechanical properties of the upper body. Vibration also influences joint angular movements by superimposing oscillations onto joint trajectory, thus disturbing movement control. However, the consistency in the patterns of filtered angular kinematics with and without vibration suggests that movement coordination may not be fundamentally different in the static and vibratory conditions, despite the fact that the timing of joint movements and relative contribution of each joint may be altered during vibration. That is, movement timing and joint contribution in reach movement are not modified drastically by vibration interferences as illustrated by time profiles of joint angular kinematics without and with vibration after filtering in Figure 6 . In the tested frequency range, the interaction between WBV and human motor behavior is dominated by biomechanical effects, with a relatively smaller contribution of sensorimotor effects whose influences are predominant for frequencies beyond the range of major body resonances (Berthoz, 1967 and Martin et al., 1980; Gauthier et al., 1981; Roll 1981) . Hence, it may be presumed that a generic motor program is used to reach a specific target with and without vibration. Vibration may primarily alter the realization of planed trajectories.
This study also investigates biodynamic responses at the right shoulder, elbow, and fingertip to vertical or horizontal WBV when operators perform reach movements to five targets distributed within an envelope corresponding to the right hand operational space of a vehicle driver. The results show that peak transmission through upper body segments is a function of vibration characteristics, target location, and their interaction. Thus, characteristics of WBV transmission can be affected by environmental conditions and task variables.
Among environmental variables (vibration frequency and direction) and task variables (target location and direction), vibration frequency is the dominant factor affecting WBV transmission. Regardless of the vibration direction, the trend of an increase or decrease in transmission through the upper limb from the shoulder to the finger is similar for all the 2, 4, and 6 Hz vibrations. Nevertheless, vibration direction also affects transmission. For 4 and 6 Hz vibrations, transmission through all body segments is larger for the vertical than for the horizontal direction. It is assumed that although the magnitude of the stimulation was lower for the horizontal than for the vertical direction, this result stems from upper torso resonance occurring in the 3-6 Hz range for vertical vibrations while no resonance is induced by horizontal vibrations (Griffin, 1990) . For the 2 Hz vibration, transmission through all body segments is higher under horizontal than vertical exposure. This phenomenon seems to reflect the property of an inverted pendulum, as the one created by the anchoring of the torso on the seat and free to move above the hip under the horizontal vibration.
Target location also affects the vibration characteristics of body segments, especially for lateral reaches to target 7 and 8 under the 4 Hz vertical vibration. For posture configurations corresponding to these target directions, intersegment transmission decreases from the shoulder to the elbow and increases from the elbow to the fingertip. This phenomenon may result from effects combined by body resonance and postural instability. At 4Hz vertical WBV, transmissions are higher due to upper body resonance. In addition, control of the finger is more challenging when the arm is extended laterally, since this upper body configuration may lead to less stability of the posture due to arm mass eccentricity. Hence an adjustment of arm stiffness is taking place to avoid a large displacement of the arm mass that would be difficult to control and contribute to seated instability. As a result, transmission at the elbow, the intermediate joint, is relatively lower than transmission at other joints. Nevertheless, finger vibration remains high, most likely due to a resonance and that it may difficult to control all degrees-of-freedom in such complex interaction.
In addition, transmission is also affected by strong and complex interaction between vibration condition and target location. This interaction may result from changes in biomechanical property associated with muscle contraction/co-contraction necessary to maintain a stable posture during movement under perturbation, which affect the stiffness or impedance of the musculoskeletal system. Thus, all factors must be considered simultaneously for the design of vehicle interfaces and other applications of human vibration analysis.
As stated above, transmission through the multilinkage system constituted by upper body segments is function of vibration characteristics, task condition, and their interaction. Reach movements to different target locations are associated with posture changes which in turn modify biomechanical properties such as inertia, stiffness, and damping of upper body segments, as would be predicted by the equilibrium point hypothesis (Feldman, 1986; Gomi and Kawato, 1997) stating that a posture can be viewed as the result of a mechanical equilibrium. Information about body segment transmission may be useful for developing a biomechanical model of multiple degrees-of-freedom systems. These results imply that reach performance and WBV characteristics can be expressed by synthesizing peak transmission of body segments along the path. Therefore, reach performance under WBV may be estimated from the relationships between vibration and peak transmissions and between vibration and reach errors obtained in empirical investigations. Nevertheless, the results also point out the complexity associated with the development of active biodynamic models. However, this study presents some limitations: vibration-induced kinematic changes were not investigated quantitatively since we needed to address first vibration transmission to body segments. In addition, hip vibration was not measured continuously since attention was focused on the upper body and arm movements. Nevertheless, changes in trunk posture induced by reaches to different directions and distances do modify transmissibility to the shoulder. For the same reason, arm posture modifies transmissibility to the finger, as shown here. Although not quantified independently of upper limb posture effects, these effects are included in the quantification of shoulder vibration.
